There are several rare syndromes combining wrinkled, redundant skin and neurological abnormalities. Although phenotypic overlap between conditions has suggested that some might be allelic to one another, the aetiology for many of them remains unknown. A consanguineous New Zealand Maori family has been characterised that segregates an autosomal recessive connective tissue disorder (joint dislocations, lax skin) associated with neurological abnormalities (severe global developmental delay, choreoathetosis) without metabolic abnormalities in four affected children. A genome-screen performed under a hypothesis of homozygosity by descent for an ancestral mutation, identified a locus at 10q23 (Z ¼ 3.63). One gene within the candidate interval, ALDH18A1, encoding D 1 -pyrroline-5-carboxylate synthase (P5CS), was considered a plausible disease gene since a missense mutation had previously been shown to cause progressive neurodegeneration, cataracts, skin laxity, joint dislocations and metabolic derangement in a consanguineous Algerian family. A missense mutation, 2350C4T, was identified in ALDH18A1, which predicts the substitution H784Y. H784 is invariant across all phyla and lies within a previously unrecognised, conserved C-terminal motif in P5CS. In an in vivo assay of flux through this metabolic pathway using dermal fibroblasts obtained from an affected individual, proline and ornithine biosynthetic activity of P5CS was not affected by the H784Y substitution. These data suggest that P5CS may possess additional uncharacterised functions that affect connective tissue and central nervous system function.
Introduction
There are several characterised disorders that manifest wrinkled, lax skin as a cardinal clinical sign and are often associated with impaired neurodevelopment. Such conditions include cutis laxa (OMIM 219200), wrinkly skin syndrome (OMIM 278250), and de Barsy syndrome (OMIM 219150). Cutis laxa is a genetically heterogeneous disorder characterised by loose and redundant skin. 1 There are three different categories based on the mode of inheritance. In the autosomal dominant group (OMIM 123700) skin laxity is late in onset and the disorder is caused by mutations in the elastin gene, ELN.
2 The X-linked recessive variety, also called occipital horn syndrome (OMIM 304150), is due to mutations in the copper transporting ATPase, ATP7A. 3 The third category is defined by an autosomal recessive mode of inheritance and composes two types. Type I (OMIM 219100) is associated with early pulmonary emphysema, a poor prognosis, and missense mutations in FBLN4 and FBLN5. 4, 5 Type II (cutis laxa with growth and developmental delay, CLGDD; OMIM 219200) is characterised by growth and developmental delay, joint laxity, characteristic facies and large fontanelles. 6 Abnormal glycan biosynthesis, in the absence of secondary defects of glycosylation, was recently identified in two cohorts of CLGDD patients, 7, 8 and subsequently mutations in either the vesicular H þ -ATPase subunit gene ATP6V0A2, or the conserved oligomeric Golgi complex gene COG7 have been identified. 9, 10 Whether CLGDD and wrinkly skin syndrome represent separate entities or are variations of the same condition is controversial. 1,11 -16 Wrinkly skin syndrome presents with less marked facial dysmorphism, than CLGDD, has milder cutaneous manifestations 1 and subtle differences in the elastic fibre derangement. 13 Significantly, however, the descriptions of both conditions originated from two independent reports of the same two siblings, complicating differential diagnosis. 16 -18 De Barsy syndrome is an autosomal recessive syndrome in which corneal clouding is a near ubiquitous and defining phenotypic feature, that facilitates diagnosis. 19 -21 A new neurocutaneous disorder has recently been described in a consanguineous Algerian family with two affected sibs presenting with an inborn error of metabolism suggestive of a urea cycle defect (hypoprolinaemia, hypoornithinaemia, hypocitrullinaemia, hypoarginaemia and hyperammonaemia). The connective abnormalities included joint laxity and skin hyperelasticity in conjunction with mental retardation. The metabolic abnormalities observed in the affected individuals suggested ALDH18A1 (OMIM 138250), encoding D 1 -pyrroline-5-carboxylate synthase (P5CS) (EC 1.2.1.41, 2.7.2.11), as a candidate gene and subsequently both affected sibs were shown to be homozygous for a missense mutation (251G4A), predicting the amino acid substitution R84Q. 22, 23 In vitro experiments established that the R84Q substitution lead to reduced steady state levels of P5CS protein with consequent impairment of proline and ornithine biosynthesis. 22, 23 P5CS metabolises glutamate in the first step of proline and ornithine biosynthesis, prior to incorporation of ornithine in the urea cycle. The N-terminal g-glutamyl kinase domain of P5CS catalyses the conversion of glutamate to g-glutamyl phosphate in an ATP-dependent manner, which is then converted to glutamate g-semialdehyde with concomitant NADPH reduction by the second major domain in P5CS, the g-glutamyl phosphate reductase domain. Glutamate g-semialdehyde is then spontaneously converted to D 1 -pyrroline-5-carboxylate (P5C), the common intermediate in both proline and ornithine biosynthesis. P5C can be converted to proline by P5C reductase, or metabolised to ornithine by ornithine aminotransferase (Figure 1 ). The demonstration that conversion of glutamate to glutamate g-semialdehyde occurs in the mitochondrion, and the presence of a mitochondrial targeting motif at the N terminus of P5CS suggested that P5CS localises to this organelle, 24, 25 although direct evidence to exclude localisation to other cellular compartments is lacking. In this report a recessive neurocutaneous syndrome segregating in a consanguineous New Zealand family is shown to be associated with a substitution of a phylogenetically invariant residue in P5CS. The measurement of metabolic flux through pathways relating to the established function of P5CS in patient fibroblasts using isotopically labelled substrate found that the H784Y substitution did not impair proline biosynthesis. These data suggest that this neuroconnective tissue phenotype may have arisen through the disruption of an unappreciated function of P5CS.
Materials and methods
Participation of subjects in this study took place after all individuals or their legal guardians gave full informed consent as approved by the Otago Ethics Committee.
Genetic mapping and linkage analysis DNA samples from 11 family members were genotyped using the LMSV2 382 Marker Set, comprising 382 microsatellite markers spaced, on average, 10 cM apart across the genome (Australian Genome Research Facility, Melbourne, Australia). For fine mapping of microsatellites, primer sequences were obtained from UniSTS (http:// www.ncbi.nlm.nih.gov/entrez/query.fcgi?db ¼ unists), and labelled with 33 P a-ATP (Amersham, Bucks, UK) during PCR Figure 1 Proline and ornithine biosynthesis from glutamate. D 1 -pyrroline-5-carboxylate synthase (P5CS) catalyses the conversion of glutamate to g-glutamate semialdehyde, which is in non-enzymatic equilibrium with D 1 -pyrroline-5-carboxylate (P5C). P5C reductase then metabolises P5C to proline. Ornithine aminotransferase catalyses the conversion of P5C to ornithine, which is then incorporated into the urea cycle.
ALDH18A1 mutation causes a neurocutaneous syndrome LS Bicknell et al amplification. PCR amplification was performed using the GeneAmp buffer system and AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA). Microsatellites were genotyped by polyacrylamide gel electrophoresis and exposure to radiographic film (Kodak Biomax XAR film). Linkage analysis was performed using MLINK from the FASTLINK package of software, and Genehunter2. 26, 27 The parameters assigned to the syndrome for the purpose of the analysis were those of an autosomal recessive disorder with a disease allele frequency of 0.0001. The number of alleles for each microsatellite was calculated by combining genetic information from several New Zealand families with the minimum allele number set at five; all alleles were assumed to have equal frequency in the population. Genetic locations of the genotyped microsatellites were taken from the Généthon genetic map 28 or inferred from flanking microsatellite markers. 
Immunocytochemistry
Patient and control fibroblasts were cultured in DMEM supplemented with 10% (v/v) fetal calf serum, 2 mM L-glutamine and 100 U each of penicillin and streptomycin in a 5% CO 2 atmosphere at 371C. Cells (1.5 Â 10 4 ) were seeded onto 10 mm round coverslips, and incubated in media containing 250 nM Mitotracker CMXRos (Molecular Probes) for 1 h at 371C. Cells were washed two times with PBS and then fixed in 1% (w/v) paraformaldehyde for 2 min. Cells were washed, then permeabilised and blocked in 5% (w/v) bovine serum albumin, 2% (w/v) goat serum and 0.2% (v/v) Triton X-100, for 1 h at room temperature. Following brief washing, cells were incubated with mouse polyclonal a-human a-P5CS antibody (Abnova Corp, Taiwan), at room temperature for 2 h. Cells were washed, and then a-P5CS was detected by the incubation of goat a-mouse Alexa Fluor 488 (Molecular Probes) for 1 h at room temperature. The nucleus was visualised by staining with diluted DAPI for 3 min. Coverslips were mounted in Glycergel (Dako), and images were captured using a Zeiss LSM 510 axioplan2 confocal microscope.
Results

Clinical presentation
A New Zealand Maori family was ascertained that segregated a neurocutaneous syndrome that did not unequivocally fit any previously described disorder. The parents are first cousins and have 10 children, four of whom are affected ( Figure 2 ). All children were born at term after unremarkable pregnancies. There were no exposures to drugs or other teratogens, Apgar scores were normal in all instances and birth weights ranged between 1.8 -3.1 kg. All affected sibs had head circumferences below the second centile at birth (Table 1) . At time of assessment, the affected children were aged 22, 12, 11 and 4 years, respectively. Detailed phenotypic information is presented in Table 1 . The four affected individuals show pronounced abnormalities of connective tissue. Most notably, the skin over hands, feet, abdomen, chest and face was very wrinkled (Figure 2 ). The skin, although lax, was not hyperelastic; wounds healed normally and the skin did not scar excessively. There was neither a predisposition to bruising nor a bleeding diathesis. With age the wrinkliness of the skin disappeared so that by adolescence it was no longer clinically evident. Two of the four probands had bilateral dislocation of the hips at birth and both required operative intervention. One child required repeated surgery with recurrent failure to relocate the hips bilaterally by age 5 years. A third child (IV-4) developed bilateral dislocation of the hips at age 12 years, unrelated to any identifiable instance of trauma. During early childhood hypermobility of the elbows, wrists, small joints of the hands and knees was a constant clinical feature. With advancing age this became less obvious, especially with co-evolution of hypertonicity in the lower limbs. The children had mild proportionate short stature (lengths between À3 and À2 SD). One individual had a kyphoscoliosis. A skeletal survey was performed on IV-4 at 8 years and was normal except for delayed ossification of the distal femoral epiphysis and multiple growth arrest lines within the metaphyses of the long bones.
Global neurodevelopmental delay was evident from early infancy and presented as a static encephalopathy. Seizures were noted in two individuals from day 2 of life but remitted by the end of the first week and have never recurred. Congenital microcephaly was noted in all and has persisted but has not progressed. An MRI brain scan performed in one affected child ( Figure 2 ) demonstrated a relative paucity of white matter especially in the region of the trigones but also notable in the frontal and temporal lobes, and thinning of the corpus callosum. Signal intensity of the white matter was within normal limits indicating normal myelination for age. Individual IV-4 had bilateral lamellar nuclear cataracts.
Biochemical investigations
There were no significant abnormalities from extensive biochemical investigations. Fasting and post-protein load amino acid profiles were also obtained in three affected individuals; IV-1 at 21 years, IV-4 at 11 years and IV-5 at 10 years. Table 2 lists the relevant serum biochemistry from affected children in both fasting and fed states. All amino acids levels were within the normal range apart from mild post-prandial hypoornithinaemia in individuals IV-4 and IV-5. 
Differential diagnosis
The phenotype studied here is not typical for any previously described neurocutaneous syndrome. On the basis of the connective tissue defects (lax skin and joints), it has the most similarity to de Barsy syndrome than any other lax skin syndrome (Table 3) . However, a characteristic feature in de Barsy syndrome, that of corneal clouding, is absent in this family, making the assignment of this diagnosis inappropriate.
Identification of a mutation in ALDH18A1
The rarity of this phenotype in combination with consanguinity in a family with four affected individuals made mapping the disease gene for this condition under a linkage hypothesis of homozygosity by descent a plausible approach. A 382-microsatellite whole genome screen was performed. Following two point linkage analysis, loci demonstrating LOD scores of Z41.5 (at 4p15.3, 10p13 and 10q24), were fine-mapped. Multipoint analysis demonstrated that 77.9% of the genome could be excluded from linkage at a statistically significant threshold (ZoÀ2), while 96.2% of the genome demonstrated an LOD score of Zo0. Following fine mapping the only locus with a significant LOD score (Z43.3) using Genehunter2 was at 10q23.1 -10q24.1 (Z ¼ 3.63). A 19 cM critical region delimited by microsatellites D10S1686 and D10S1758 was defined based on segregation of a common ancestral haplotype, a finding congruent with the linkage hypothesis ( Figure 3 ). This critical region corresponded to a physical region of 14 Mb within which there were 112 annotated and unannotated genes to be considered for candidacy as the disease gene (Ensembl Genome Build 26, Nov 2004) .
The previous description of a consanguineous Algerian family segregating a similar phenotype to the family under study associated with a missense mutation in ALDH18A1, presented this gene as the prime disease gene candidate. A missense mutation, 2350C4T, was identified in exon 18 of ALDH18A1, and predicts the amino acid substitution H784Y in the encoded protein P5CS (Figure 4 ). This Haplotype construction by Genehunter2. The boxes delineate the haplotype present in a homozygous manner exclusively in the affected individuals and present in only one copy in non-affected individuals. X marks positions of recombination events as determined by haplotype construction using Genehunter2. Genotypes in italics (IV-8, D10S608) were inferred by Genehunter2 after failure during genotyping. 
H784 is completely conserved in orthologous proteins
To analyse the degree of conservation of H784, the sequences of P5CS orthologues from other species, including those of g-glutamyl phosphate reductase proteins from organisms in which the two functional domains of mammalian P5CS are encoded by separate genes (prokaryotes, yeasts and fungi), were aligned using ClustalW ( Figure 5 ). This analysis demonstrated that H784 is completely conserved within a previously unrecognised conserved motif in P5CS embedded in a C-terminal domain that is shared by all orthologous forms of this protein in eukaryotes. Analysis by SIFT 30 gave a score of 0.00 (where a score o0.05 predicts a deleterious substitution) indicating that the H784Y substitution would not be tolerated within this conserved domain.
H784Y does not impair proline biosynthesis from glutamate in patient fibroblasts P5CS function in proline biosynthesis was studied in an in vivo assay using cultured primary dermal fibroblasts obtained from individual IV-4. Reduced flux through the glutamate-proline pathway, as measured by diminished production of proline normalised to control fibroblasts, would be indicative of deficiency of P5CS activity. 
ALDH18A1 mutation causes a neurocutaneous syndrome LS Bicknell et al
Glutamate is also converted to aspartate via the citric acid cycle and flux through this independent pathway was used to normalise activity between and within patient and control cells. In four replicate experiments, fibroblasts were incubated with 13 C 5 -glutamate for 12 h, followed by cellular lysis, amino acid hydrolysis and determination of 13 C 5 -glutamate-derivatives by mass spectrometry.
Flux through the glutamate -aspartate pathway (measured by 13 C 4 -aspartate production) was similar in both patient and control cells in all replicate experiments (P ¼ 0.73, Students t-test), excluding a generalised deficiency in cellular activity or metabolism of glutamate to other amino acids in patient fibroblasts ( Figure 6 ).
Proline biosynthesis (the ratio of 13 C 5 -proline to 13 C 5 -glutamate, normalised against control fibroblast proline biosynthesis) was not significantly different between patient and control cells (P ¼ 0.86, Student's t-test), indicating that flux in the glutamate -proline pathway was not diminished in patient cells in each of four replicate experiments ( Figure 6 ). These data demonstrate that in this assay there was no deficiency in P5CS-mediated conversion of glutamate to proline in fibroblasts expressing P5CS with the H784Y substitution.
Immunocytochemistry
The cellular localisation of P5CS was determined in both patient and control fibroblasts by performing dual label confocal imaging with a mitochondrial-specific fluorescent marker Mitotracker CMXRos, and a polyclonal antibody raised against the C terminus of P5CS (Figure 7 ). These data demonstrated localisation of P5CS to a subpopulation of mitochondria in both patient and control fibroblasts. This confirms the previously suggested localisation of P5CS to within the mitochondrion, and indicates the H784Y substitution is not associated with large-scale aggregation or anomalous subcellular targeting of P5CS to another cellular compartment.
Discussion
Improving the understanding of the aetiology underlying the group of conditions that combine connective tissue dysfunction and neurological abnormalities would greatly improve genetic counselling for such individuals. In this Figure 6 13 C 5 -glutamic acid metabolism in primary human fibroblasts. Ratios of 13 C 4 -aspartate and 13 C 5 -proline in patient fibroblasts normalised to control fibroblasts in four replicate experiments. Error bars represent the SE from each experiment. Above each experiment are the P-values calculated using Student's t-test comparing the levels of 13 C 5 -proline and 13 C 4 -aspartate produced in patient versus control fibroblasts. report a gene, ALDH18A1, previously associated with a phenotype combining neurocutaneous abnormalities and metabolic derangement, is studied in an unrelated family with a partially overlapping clinical presentation. These findings imply that the primary enzymatic functions of P5CS, the product of ALDH18A1, may not entirely account for all elements of these reported phenotypes.
A genome-wide linkage approach under an assumption of homozygosity by descent identified a 19 cM critical region at 10q23, and of the 112 genes to consider as candidate disease genes, ALDH18A1 was prioritised based on its previous disease association and the function of the encoded protein in proline biosynthesis, a critical amino acid in collagen fibres in connective tissue. Despite the LOD score on multipoint analysis (Z ¼ 3.63) exceeding the maximum threshold for genome-wide significance 31, 32 it still remains a formal possibility that the linkage with ALDH18A1, is a false positive or that two separate conditions are segregating in this consanguineous family. Sequencing of ALDH18A1 identified homozygosity for the missense mutation 2350C4T, predicting H784Y, in all affected individuals. Although it is possible that this sequence change is functionally neutral and that the true disease gene has not been identified there are strong grounds to consider 2350C4T in ALDH18A1 as causative of the phenotype described here. Firstly, restriction endonuclease digestion confirmed homozygosity for 2350T exclusively in affected individuals, as predicted by the linkage hypothesis of homozygosity by descent. The mutation was absent in a total of 888 chromosomes from healthy individuals, including 162 chromosomes that were ethnically matched. Additionally, this sequence change has not previously been identified as a polymorphism on public databases. Secondly, H784 is completely conserved throughout evolution in all phyla from mammals to fungi and yeast within a domain that showed significant levels of sequence conservation ( Figure 5 ). On a cautionary note however, although SIFT analysis predicted this substitution to be deleterious, the overall higher degree of conservation in mitochondrial proteins as a whole does reduce the level of confidence underlying conclusions made by this methodology alone. Thirdly, one family has been previously reported with a genetic condition with phenotypic overlap to the entity described here and was associated with deficient P5CS function. Baumgartner et al 22 , described a first cousin consanguineous Algerian family with two affected sibs who presented with a congenital metabolic and connective tissue disorder with progressive neurodevelopmental decline. The affected sibs were shown to be homozygous for a missense mutation (251G4A) in ALDH18A1. This predicts the substitution R84Q in the g-glutamyl kinase domain in P5CS, which correlates with the demonstrated enzymatic deficiency. Importantly, this gene was screened on the basis of its established biochemical function, and not on positional linkage grounds as was the case in the family described in this report. Identification of a mutation in the same gene causing a similar phenotype, where the gene was identified through a genetic mapping strategy, strengthens evidence for this phenotype being caused by the mutation in ALDH18A1. An in vivo enzymatic assay measuring flux through the glutamate-proline biosynthetic pathway demonstrated that the presence of the H784Y substitution in P5CS in fibroblasts derived from an affected individual showed no impairment of proline biosynthesis. A similar assay using tritium-labelled substrate demonstrated reduced flux through this pathway in fibroblast cells derived from affected sibs in the Algerian family with the R84Q substitution, complementing previous observations of reduced enzymatic activity in an in vitro assay of P5CS activity in a cell lysate. 22, 23 The demonstration that a similar assay detected reduced flux through this pathway in the Algerian family supports its utility in studying the significance of the H784Y substitution associated with the phenotype described here. Furthermore, considering the mitochondrial localisation of P5CS, the use of an in vivo assay rather than more direct measures of in vitro enzymatic activity may replicate the cellular physiology more accurately. The putative cellular localisation of P5CS to the mitochondrion was confirmed by immunocytochemistry in this study, with the added observation that there was no difference in localisation of this protein between patient and control fibroblasts (Figure 7) . Furthermore, fluorescent detection of P5CS demonstrated that the H784Y substitution does not cause large-scale abnormal protein aggregation or mislocalisation within the cell.
A functional assay measuring proline biosynthesis led to the conclusion that the phenotype studied here is not attributable to deficiency of the established enzymatic function of P5CS. This is congruent with the metabolic indices measured in the affected sibs in this report but is in contrast to the sibs reported in the literature with the R84Q substitution who exhibited hypoprolinaemia, hypoornithinaemia, hypocitrullinaemia, hypoarginaemia and hyperammonaemia. Other aspects of the phenotype also differ suggesting some non-equivalence in the aetiopathogenesis of the phenotypes despite them likely being allelic to one another. For example, the Algerian sibs exhibited saltatory neurodevelopmental decline, possibly on account of recurrent episodes of hyperammonaemia. This observation is in contrast to the static developmental delay seen in affected children from the New Zealand family.
Further evidence consistent with the pathogenic effect of the H784Y substitution being independent of the proline biosynthetic function of P5CS is the observation that prokaryotes do not possess the C-terminal domain within which H784 is located, despite the known enzymatic function of these orthologous enzymes being conserved across all kingdoms. Therefore, the C-terminal tail domain in human P5CS may be superfluous for the purpose of proline and ornithine biosynthesis although the strong conservation of a protein motif observed within this domain (with complete conservation at H784), suggests an important unidentified role for this motif in eukaryotes. Interestingly, the observed phylogeny of this domain suggests that it has co-evolved with the localisation of P5CS to the mitochondrion.
Moonlighting roles are defined as the evolutionary adoption of an unrelated function by a metabolic enzyme, and are increasingly being identified. 33 -35 Novel functions may have evolved from the utilisation of different surfaces on the protein not required in its enzymatic function, or subtle alterations in structure that permit new functions. Such roles could clarify the lack of a pathological mechanism to explain genotype -phenotype correlations for many Mendelian disorders. 35 Absence of an adequate mechanistic basis for the association between the identified mutation in ALDH18A1 described here and the observed phenotype suggests the possibility that disruption of unappreciated moonlighting functions of P5CS may underlie this novel neurocutaneous syndrome.
